+ /CD8 + T-cell activation levels often remain elevated in chronic human immunodeficiency virus (HIV) infection despite initiation of antiretroviral therapy (ART). T-cell activation predicts early death and blunted CD4 + T-cell recovery during ART and may affect persistent HIV reservoir size. We investigated whether very early ART initiation is associated with lower on-therapy immune activation and HIV persistence.
Background. CD4 + /CD8 + T-cell activation levels often remain elevated in chronic human immunodeficiency virus (HIV) infection despite initiation of antiretroviral therapy (ART). T-cell activation predicts early death and blunted CD4 + T-cell recovery during ART and may affect persistent HIV reservoir size. We investigated whether very early ART initiation is associated with lower on-therapy immune activation and HIV persistence.
Methods. From a cohort of patients with early HIV infection (<6 months duration since infection) we identified persons who started ART early (<6 months after infection) or later (≥2 years after infection) and maintained ≥2 years of virologic suppression; at-risk HIV-negative persons were controls. We measured CD4 + /CD8 + T-cell activation ( percent CD38 + /HLA-DR + ) and HIV reservoir size (based on HIV DNA and cell-associated RNA levels). Results. In unadjusted analyses, early ART predicted lower on-therapy CD8 + T-cell activation (n = 34; mean, 22.1%) than achieved with later ART (n = 32; mean, 28.8%; P = .009), although levels in early ART remained elevated relative to HIV-negative controls (P = .02). Early ART also predicted lower CD4 + T-cell activation than with later ART (5.3% vs 7.5%; P = .06). Early ART predicted 4.8-fold lower DNA levels than achieved with later ART (P = .005), and lower cell-associated RNA levels (difference in signal-to-cutoff ratio (S/Co), 3.2; P = .035).
Conclusions. ART initiation <6 months after infection is associated with lower levels of T-cell activation and smaller HIV DNA and RNA reservoir size during long-term therapy.
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T-cell immune activation, defined by coexpression of CD38 and HLA-DR on CD4 + and CD8 + T cells, has been linked to morbidity and mortality in untreated human immunodeficiency virus (HIV) infection, both AIDS-related and non-AIDS-related [1, 2] . In patients receiving HIV antiretroviral therapy (ART), higher levels of T-cell activation has been linked to diminished CD4 + T-cell count recovery [3] [4] [5] , surrogate markers of cardiovascular disease [6, 7] , and increased mortality [8] .
ART-mediated virologic suppression reduces both CD4 + and CD8 + T-cell activation levels [3, 9] . However, patients frequently continue to exhibit T-cell activation levels higher than those seen in HIV-negative controls, indicating that ART reduces but does not fully reverse HIV-related immune activation [3, 9, 10] . A key unanswered question, therefore, is whether ART initiated early (within the first months after HIV infection) can reduce on-therapy immune activation more than ART initiated during chronic HIV infection. A related question is whether early initiation of ART durably limits the size of persistent HIV reservoirs. Cellular reservoirs of latent genomically integrated HIV are established quickly after infection [11] [12] [13] [14] , but studies investigating whether ART initiated in the first few months after infection can limit the size of the established reservoir have reached inconsistent conclusions. One study found that ART initiated <6 months after HIV infection was associated with substantially decreased cellassociated HIV infectivity [15] , but other studies have reached different conclusions [11, [16] [17] [18] . Controversy has persisted in part because of the small size of these studies and the lack of direct comparison between early-and later-treated individuals. The growing research effort aimed at eradicating HIV infection will depend on more precisely elucidating the role early ART may play in limiting the growth of the viral reservoir.
We hypothesized that ART initiated in the first 6 months after HIV infection, compared with ART initiated during chronic disease, would lead to lower levels of on-therapy T-cell activation and a smaller HIV reservoir size. To test this hypothesis, we studied individuals with HIV infection diagnosed during acute infection and who either started ART ≤6 months after infection or deferred therapy for >2 years. We assessed T-cell activation levels and measured the HIV reservoir (based on both HIV DNA and cell-associated RNA levels) to study the impact of early ART on these outcomes.
METHODS

Study Setting and Participants
This study included individuals diagnosed with early HIV infection (<6 months after infection) and enrolled in the Options Project at San Francisco General Hospital, University of California, San Francisco (UCSF). The UCSF Human Research Protection Program approved this study, and participants gave informed, written consent before enrollment.
The Options Project, formed in 1996, is a prospective cohort enrolled <12 months after HIV antibody seroconversion (since 2003, this was restricted to <6 months after seroconversion). Early HIV infection is diagnosed if participants meet any of the following criteria [19] : (1) 2 plasma HIV-1 RNA levels ≥3000 copies/mL with a negative or indeterminate HIV-1 antibody test result; (2) positive HIV-1 antibody result with history of negative HIV-1 antibody result ≤12 months earlier (in 2003, this was changed to ≤6 months); or (3) clinical history suggesting recent HIV acquisition along with reactive standard HIV-1 antibody test result but nonreactive result with less sensitive ("detuned") HIV-1 antibody test [20] [21] [22] . Standardized estimated infection dates are calculated from these data.
We selected Options Project participants enrolled between 1996 and 2009 who fit in 1 of 4 categories: (1) early ART group: participants who started ART <6 months after estimated HIV infection date and had undetectable plasma RNA values for ≥2 years (continuous ART-mediated virologic suppression); (2) later ART group: participants who started ART ≥2 years after estimated HIV infection date and had ≥2 years of virologic suppression with ART; (3) untreated group: participants who remained ART naive for ≥1 year after HIV diagnosis; and (4) HIV-negative controls: at-risk persons who sought acute HIV testing, tested HIV negative, and attended ≥2 study visits (baseline visit plus ≥1 visit ≥12 weeks later).
We analyzed T-cell activation and HIV persistence at key visits. In the early ART group, outcomes were determined at baseline (acute HIV infection), 1 year after ART initiation (1Y ART), and at the participant's final observed time point in the cohort (max ART) if this was ≥2 years after ART initiation. In the later ART group, outcomes were analyzed at baseline (acute HIV), at the participant's final pretherapy time point ( pre-ART), 1 year after ART initiation (1Y ART), and at the participant's final time point (max ART) if ≥2 years after ART initiation. In the untreated group, outcomes were assessed at baseline (acute HIV infection), after 1 year of untreated HIV infection (1Y No-TX), and at the participant's final time point. Among HIV-negative controls, outcomes were assessed at baseline and at 1 follow-up time point (12-48 weeks after baseline).
T-cell activation was measured in all treatment groups at all time points described above. In the early and later ART groups, cell-associated HIV DNA/RNA levels were measured only at the on-therapy time points (1 year after ART initiation and at the participant's final on-ART time point).
Clinical and Laboratory Evaluations
Demographic and behavioral data were collected in standardized interviews. CD4 + T-cell counts and HIV-1 plasma RNA levels were measured at baseline and approximately every 3-4 months. The total pre-ART cumulative viremia experienced by patients in the early or late ART groups (akin to total pretreatment area under the viral load curve) was estimated by summing the trapezoidal areas bounded by each pair of viral load measurements, ranging from infection to ART initiation (described in detail in Supplementary  Figure 1 ) [23, 24] .
Analysis of T-Cell Activation
Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood, cryopreserved, and stored at the UCSF AIDS Specimen Bank. T-cell activation markers were measured at the UCSF Core Immunology Laboratory; multiparameter flow cytometry was used to detect CD3, CD4, CD38, HLA-DR, CCR5, and PD-1, according to methods described elsewhere [25] . Data were analyzed with FlowJo software (Tree Star).
Analysis of HIV DNA and Cell-Associated RNA Levels PBMC DNA was extracted and HIV DNA was measured using real-time polymerase chain reaction (PCR) targeting Gag DNA sequences; total amplifiable DNA (indicated cell input) was measured using real-time PCR of a single-copy gene (conserved region of HLA-DQ alpha locus), as described elsewhere [26] [27] [28] , with values normalized per million PBMCs. The HIV DNA assay has a detection limit of 1 HIV DNA copy/3 μg input DNA, equivalent to approximately 450 000 PBMCs [29, 30] . Cell-associated RNA levels were measured with the transcription-mediated amplification assay (Aptima; Gen-Probe), using modified PBMC extraction and transcription-mediated amplification of cell-associated hepatitis C virus RNA [27, 28] , recently reported by our group [31] . This yields HIV RNA values expressed as the signal-to-cutoff ratio (S/Co; range 0-30; undetectable, <1.0; detectable, >1.0), with direct correlation of S/ Co and viral RNA copy number from 3 to 100 copies. S/Co values were normalized per million PBMCs, as with proviral DNA.
Data Analysis
The 4 participant groups (early ART, later ART, untreated, and HIV-negative controls) were compared with respect to CD4 + / CD8 + T-cell activation, as follows. First, median (interquartile range [IQR]) T-cell activation levels were visualized with box plots. All baseline values from the early ART, later ART, and untreated groups (representing HIV-positive subjects) were grouped and analyzed (because these represented immune activation values during early HIV disease, before ART). Median (IQR) values were calculated in the untreated, early ART, and later ART groups using participants' final observed time points. For HIV-negative controls, median (IQR) values were calculated using participants' second (nonbaseline) visit, to decrease the possibility that an intercurrent illness had led them to seek HIV screening and that baseline samples might not represent steady-state immune activation levels. Wilcoxon rank-sum tests were used to compare immune activation levels between early and later ART groups (during ART), and HIV-negative controls.
In the early and later ART groups, longitudinal mixedeffects regression modeling was done to assess the impact of ART timing (early vs later) on immune activation levels during ART. After exploratory analyses, we fit models that assumed a flat slope between the 2 on-ART time points, and used these to predict mean on-therapy CD4 + /CD8 + T-cell activation levels.
To assess HIV reservoir size, we visualized median (IQR) log 10 -transformed HIV DNA levels and cell-associated RNA S/ Co ratios with box plots. We then used longitudinal modeling (as described above) to assess the impact of early vs later ART on geometric mean on-ART HIV DNA and RNA levels.
For all outcomes (CD4 + /CD8 + T-cell activation, and HIV DNA/RNA levels), both univariate and multivariate models were used to elucidate relative associations of early vs later ART, pre-ART CD4 + T-cell count, and pre-ART cumulative viremia. All analyses were performed using Stata/SE 10.0 software (StataCorp.).
RESULTS
Patient Characteristics
Participant groups were composed almost exclusively of young men with median ages ranging from 33 to 38 years whose main risk factor for HIV acquisition was sexual activity with other men, reflecting local epidemiology (Table 1) . Intravenous drug use was infrequent in the cohort. Patients in the early and later ART groups were estimated to have acquired HIV a median of 2.4 months before cohort enrollment. The median CD4 + T-cell count at diagnosis of HIV infection was 533 cells/µL in the early ART group, 562 cells/µL in the later ART group, and 580 cells/µL in the untreated group. The median plasma HIV RNA level at this baseline visit was higher in the early ART group than in the later ART and untreated groups (5.2 log copies/mL vs 4.2 and 4.2, respectively). Participants in the later ART group showed a CD4 + T-cell decline to a median of 325 cells/µL before ART initiation. The median HIV RNA level at this time was 4.59 log copies/mL. Early ART participants were observed for a median of 2.8 years on therapy, compared with 2.3 years for later ART participants.
CD4 + T-Cell Activation
As shown in the cross-sectional data in Figure 1A , during early HIV infection the median CD4 + T-cell activation was 6.3%
(IQR, 5.3%-10.4%); this level was similar among the 3 HIV-positive groups (early ART, later ART, and untreated). In untreated participants, levels rose to 9.6% at participants' final observed time point (IQR, 7.0%-12.5%). In the early ART group, the median on-therapy immune activation level decreased from baseline to 4.2% (IQR, 3.6%-6.0%) at 1 year of ART and to 4.1% + T-cell levels in patients with early ART initiation. E, CD4 + T-cell activation levels in 32 patients with later ART initiation during acute HIV infection (n = 32), at the final pretherapy time point (Pre-ART; n = 32), at 1 y after ART initiation (n = 32), and at the final time point (n = 25). F, CD8 + T-cell activation levels in patients with later ART initiation.
(IQR, 3.2%-5.1%) at the final observed time point. In the later ART group, on-therapy immune activation decreased less substantially, to 5.9% (IQR 4.2%-9.4%) at 1 year of ART, and 5.5% (IQR, 4.9%-6.8%) at the final time point (P = .01 for early vs later difference at 1 year after ART initiation; P = .03 for difference at final time point). Although the early ART group had lower levels of CD4 + T-cell activation during therapy, median levels remained higher than in HIV-negative controls (4.1% vs 3.1%; P = .09). Similarly, although CD4 + T-cell activation declined in the later ART group, median levels remained significantly higher than in negative controls (5.5% vs 3.1%; P = .01).
Individual patients' CD4 + T-cell activation trajectories are displayed for the early and later ART groups ( Figure 1C and 1E) .
With mixed-effects modeling, the mean T-cell CD4 + activation level during ART was 5.2% in the early ART group, compared with 7.5% in the later ART group (P = .06) ( Table 2) . We next examined how residual T-cell activation during subsequent ART was influenced by the timing of therapy (early vs later), pre-ART CD4 + T-cell count, and cumulative exposure to HIV (cumulative viremia) during the untreated period (see Table 2 ). Activation levels seemed to be predicted primarily by the pre-ART CD4 + T-cell count. The impact of later ART was 79% attenuated when modeling controlled for the pre-ART CD4 + T-cell count. Furthermore, the pre-ART CD4 + T-cell count remained substantially associated with on-ART CD4 + T-cell activation (P = .04) even when cumulative viremia was considered (P = .06).
CD8 + T-Cell Activation
The baseline median CD8 + T-cell activation level during early HIV infection was 48.6% (IQR, 33.8%-62.6%; Figure 1B) b Increase in T-cell activation per increase in immediate pre-ART CD4 + T-cell count of 100 cells/µL. c Increase in T-cell activation per increase in total pre-ART cumulative viremia of 100 000 viral load copy years (viral load × years). d Increase in T-cell activation per increase in pre-ART time (from infection to ART initiation) of 1 year. e Attenuation relative to unadjusted estimate for later ART group.
f Attenuation relative to unadjusted estimate for pre-ART CD4 + T-cell count.
g Attenuation relative to unadjusted estimate for pre-ART cumulative viremia.
28.6% (IQR 22.7%-32.7%) after 1 year of ART and 28.6% (IQR, 18.9%-30.1%) at the final time point. In HIV-negative controls, the median CD8 + T-cell activation level was 12.5%
(IQR, 9.5%-22.2%). As with CD4 + T-cell activation, the early ART group had lower levels of on-ART CD8 + T-cell activation than the later ART group at both 1 year (P = .037) and the final time point (P = .039). Moreover, although ART substantially reduced CD8 + T-cell activation, levels in both the early and later ART groups remained higher than in HIV-negative controls (P = .02 and P < .001, respectively). Individual patients' CD8 + T-cell activation trajectories are displayed within the early and later ART groups ( Figure 1D and 1F) . Mixed-effects modeling showed a mean on-ART CD8 + T-cell activation level of 22.1% in the early ART group, compared with 28.8% in the later ART group (P = .009) ( Table 3 ). The impact of delayed ART in raising on-ART activation seemed to be driven jointly by the pre-ART CD4 + T-cell count, cumulative viremia, and effects not captured by either predictor. This assessment is supported by balanced attenuation of each predictor's effects in models controlling for all factors (Table 3) .
HIV DNA Levels
In the early ART group, log-transformed HIV DNA levels were similar 1 year after ART initiation and at participants' final observed time points (P = .73; Figure 2A ). This was also true within the later ART group (P = .69). Individual patients' HIV DNA trajectories are displayed for the early and later ART groups ( Supplementary Figure 2A and 2C) . Mixed-effects modeling (Table 4) showed that patients in the early ART group had 4.8-fold lower on-ART HIV DNA levels than those in the later ART group (P = .005). The effect of ART timing on the HIV DNA reservoir size was not substantially altered when the pre-ART CD4 + cell count or pretherapy cumulative viremia were controlled for (Table 4 ). Table 2 .
HIV Cell-Associated RNA Levels
As with HIV DNA levels, HIV cell-associated RNA levels were similar 1 year after ART initiation and at participants' final observed time points for early and later ART initiators ( Figure 2B and Supplementary Figure 2B and 2D) . Mixed-effects modeling (Table 5) showed that the mean on-ART cell-associated RNA level was lower in the early ART than in the later ART group (S/Co difference, 3.2; P = .035). These models also suggest that the RNA reservoir size was primarily driven by the total amount of pre-ART cumulative viremia (Table 5) . Overall, ontherapy HIV DNA and cell-associated RNA values were not substantially correlated (data not shown), consistent with data recently published by our group [32] .
DISCUSSION
Debate continues about the optimal timing of ART in patients with early-stage disease. During long-term effective therapy, residual T-cell activation or dysfunction and inflammation have consistently been correlated with disease progression, but the ability of early ART to prevent these potentially irreversible outcomes remains unclear. Our analysis of the impact of early ART on post-ART T-cell activation in a unique cohort of individuals presenting with early infection reveals that early ART results in durable benefits, measured by CD8 + T-cell activation and, to a lesser degree, CD4 + T-cell activation. We also found on-ART levels of activation relatively stable, consistent with the generation of an immune activation "set point" during effective therapy, similar to previous observations from untreated individuals [33] , and found that early ART is associated with smaller HIV DNA and RNA reservoir sizes.
In this study, we assessed the relative roles of ART timing (early vs later), pre-ART CD4 + T-cell loss over time, and the cumulative pre-ART effects of ongoing HIV replication (defined by cumulative viremia). Our prospective early infection cohort, with data from both early and later ART periods, made this type of analysis feasible. The impact of ART timing on CD4 + T-cell activation was predicted largely by the pre-ART CD4 + T-cell count, suggesting that the potentially detrimental effect of delayed therapy on CD4 + T-cell activation was caused by the effect of untreated HIV on immune function. This supports other findings suggesting that the CD4 + T-cell count rather than viral load is more strongly associated with CD4 + T-cell activation [34, 35] .
The robust impact of pretherapy CD4 + T-cell counts on subsequent CD4 + T-cell activation has been observed among chronically infected individuals in an AIDS Clinical Trials Group clinical trial [9] . Our early infection cohort extends and strengthens these findings by isolating the impact of ART timing and CD4 + T-cell loss as distinct predictors of on-ART T-cell activation.
In contrast to CD4 + T-cell activation, the benefit of early therapy on long-term CD8 + T-cell activation seemed to be mediated primarily by cumulative exposure to HIV replication and changes in CD4 + T-cell count. This again supports prior findings indicating that viral replication and CD8 + T-cell activation during untreated disease are strongly linked [34] and extends these findings to the effectively treated state. The independent harm of sustained viremia seen in our study has been explored in a study of seroconverters (Multicenter AIDS Cohort Study [MACS] ) in which "viremia copy-years" (similar to our cumulative viremia metric) independently predicted Table 2 .
AIDS and death [23] . Similar findings were noted in a large multicenter cohort of treated individuals (CFAR Network of Integrated Clinical Systems [CNICS]) [24] . Our finding that on-therapy CD8 + T-cell activation is influenced by pre-ART cumulative viremia is further evidence that pre-ART viral replication may establish an irreversible proinflammatory environment, perhaps through damage from HIV replication, (eg, at gut mucosal surfaces, causing bacterial translocation and chronic inflammation) [36, 37] or by establishing more active cycles of viral replication, producing chronic low-level viremia and triggering inflammation [38] . A recent study showed that ART initiation within 1 year after infection can normalize levels of soluble CD163 (sCD163)-a marker of monocyte and macrophage activation-to levels seen among HIV-negative individuals [39] . Monocyte activation may be driven by bacterial translocation causing exposure to lipopolysaccharide, and sCD163 expression is linked to on-ART levels of CD8 + T-cell activation [39] . These observations collectively suggest that residual T-cell activation among persons treated during acute infection may be related to pathways distinct from those captured by sCD163. With interest in developing curative interventions for HIV disease burgeoning [40, 41] , we investigated whether early ART is associated with a smaller chronic persistent HIV reservoir. We found that it was associated with substantially lower ontherapy cell-associated HIV DNA and RNA levels, similar to results from other studies using different assays [14, 42] . We also found that HIV persistence remained relatively stable during ART. This stability strongly suggests that delaying ART in patients diagnosed during early infection may result in a permanently enlarged reservoir, potentially reducing a person's ability to clear the reservoir, assuming that curative interventions become available.
As to why early therapy so durably affects reservoir size, our modeling suggests that ART timing (early vs later), rather than pre-ART cumulative viremia or CD4 + T cell count, was the primary determinant of cellular HIV DNA levels, suggesting that time is a critical determinant of the degree to which HIV penetrates the reservoir. In contrast, for reasons that are not clear, on-ART levels of cell-associated RNA were partially predicted by pre-ART cumulative viremia. It is possible that exposure to HIV replication results in a more inducible reservoir or that the cumulative effect of HIV replication on the host results in an environment that irreversibly enhances HIV transcription. Our study has some limitations. First, because patients were not randomized to receive early vs later ART, bias is possible, for example, if early ART initiation was influenced by factors also linked to chronic inflammation, such as intravenous drug use. However, most of these biases are conservative; for example, factors such as baseline HIV RNA levels were higher in those who started therapy early. Furthermore, T-cell activation levels during early HIV infection were similar between those starting ART early and those starting it later. Both the demographic and behavioral homogeneity within our cohort and the rarity of drug use also reduce the probability of significant bias.
Second, our study design only included 2 on-therapy observations of T-cell activation and HIV reservoir size per patient measured after an average of 2.5-4 years of therapy, where other smaller studies have assessed patients after even longerterm ART [32, 42] . Although our modeling helps maximize the predictive power of our data, uncertainties in our estimates of the impact of early ART remain. A larger sample size, studied over more time points, would permit more precise estimates. Even more optimal would be a trial randomizing patients with early HIV to immediate ART versus deferral of ART until CD4 + T-cell counts were <500 cells/µL. The Strategic Timing of AntiRetroviral Treatment (START) study [43] is enrolling individuals with early HIV infection, which we hope will allow for increased precision on this question. Our study argues for more pathophysiologic research to confirm the biologic pathways mediating the positive impact of early-initiated ART. Our group and others are assessing plasma biomarkers of inflammation, hypercoagulability, and microbial translocation to assess which of these are affected by the timing of ART. Likewise, detailed characterizations are needed of Tcell functional parameters, such as markers of immunosenescence, T-cell proliferative capacity, and the specific distribution of effector and memory T-cell subsets. These will help elucidate more specific immunologic pathways affected by early ART. In summary, findings from our observational study strongly support the idea that early ART initiation may be valuable in 2 significant areas of HIV pathophysiology and clinical outcomes: minimizing chronic CD4 + and CD8 + T-cell activation and limiting the size of the persistent HIV reservoir.
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